The B-cell translocation gene-2 (BTG2), a p53-inducible gene, is suppressed in mammary epithelial cells during gestation and lactation. In human breast cancer, decreased BTG2 expression correlates with high tumor grade and size, p53 status, blood and lymph vessel invasion, local and metastatic recurrence and decrease in overall survival, suggesting that suppression of BTG2 has a critical role in disease progression. To analyze the role of BTG2 in breast cancer progression, BTG2 expression was knocked down in mammary epithelial cells. Suppression of BTG2 enhances the motility of cells in vitro and tumor growth and metastasis in vivo. The effects of BTG2 knockdown are mediated through stabilization of the human epidermal growth factor receptor (HER) ligands neuregulin and epiregulin and activation of the HER2 and HER3 receptors, leading to elevated AKT phosphorylation. Suppression of HER activation using the tyrosine kinase inhibitor lapatinib abrogates the effects of BTG2 knockdown, including the increased cell migration observed in vitro and the enhancement of tumorigenesis and metastasis in vivo. These results link BTG2-dependent effects on tumor progression to ErbB receptor signaling, and raise the possibility that targeted inhibition of this pathway may be relevant in the treatment of breast cancers that have reduced BTG2 expression.
The B-cell translocation gene-2 (BTG2), a p53-inducible gene, is suppressed in mammary epithelial cells during gestation and lactation. In human breast cancer, decreased BTG2 expression correlates with high tumor grade and size, p53 status, blood and lymph vessel invasion, local and metastatic recurrence and decrease in overall survival, suggesting that suppression of BTG2 has a critical role in disease progression. To analyze the role of BTG2 in breast cancer progression, BTG2 expression was knocked down in mammary epithelial cells. Suppression of BTG2 enhances the motility of cells in vitro and tumor growth and metastasis in vivo. The effects of BTG2 knockdown are mediated through stabilization of the human epidermal growth factor receptor (HER) ligands neuregulin and epiregulin and activation of the HER2 and HER3 receptors, leading to elevated AKT phosphorylation. Suppression of HER activation using the tyrosine kinase inhibitor lapatinib abrogates the effects of BTG2 knockdown, including the increased cell migration observed in vitro and the enhancement of tumorigenesis and metastasis in vivo. These results link BTG2-dependent effects on tumor progression to ErbB receptor signaling, and raise the possibility that targeted inhibition of this pathway may be relevant in the treatment of breast cancers that have reduced BTG2 expression.
Introduction
The B-cell translocation gene-2 (BTG2) is a member of the BTG/Tob antiproliferative protein family, which contains two highly conserved domains known as BTG boxes A and B separated by a spacer sequence of 20 to 25 nonconserved amino acids. BTG1 and BTG2 also contain an additional short stretch of amino acids designated as box C located between positions 118 and 128 (Winkler, 2009) . The conserved regions serve as protein-protein interaction modules of the BTG/Tob family. BTG2 inhibits cellular proliferation by impairing G1 to S progression through suppression of cyclin D and cyclin E, which results in reduced cyclin-dependent kinase activity (Lim et al., 1998; Guardavaccaro et al., 2000) .
The epithelia of many tissues including the mammary gland express BTG2 (Melamed et al., 2002) . In the normal mammary epithelium, BTG2 levels decline during pregnancy and lactation but recover upon the weaning of pups. Estrogen and progestin, which modulate mammary gland proliferation and differentiation during pregnancy, suppress BTG2 (Kawakubo et al., 2006) and are likely to be responsible for pregnancy-associated decline in BTG2 expression in the mammary gland.
In estrogen receptor-positive breast tumors, loss of BTG2 protein expression was associated with increasing tumor grade and size and overexpression of the cyclin D1 protein (Kawakubo et al., 2006) , indicating that BTG2 may have a role in the etiology of the disease. Identification of BTG2 as a transcriptional target of p53 (Cortes et al., 2000) , and as a key mediator of p53-dependent cellular transformation of mouse and human fibroblasts transduced with oncogenic Ras (Boiko et al., 2006) , suggests that it has an important role in inhibiting tumorigenesis. This is consistent with the repression of BTG2 expression in several human tumors including the breast, thymus, prostate and kidney (Lim et al., 1995; Ficazzola et al., 2001; Kawakubo et al., 2004 Kawakubo et al., , 2006 Struckmann et al., 2004) . Moreover, expression of BTG2 in a mouse model for medulloblastoma suppressed the formation of tumors (Farioli-Vecchioli et al., 2007) . Although BTG2 has been shown to interact with transcription factors (Prevot et al., 2000) , promote mRNA deadenylation and turnover (Mauxion et al., 2008 (Mauxion et al., , 2009 ) and modulate signaling through its interaction with signaling molecules (Park et al., 2004; Hong et al., 2005 ), the precise mechanism by which its loss contributes to tumor progression is not well understood.
Activation of various tyrosine kinase receptors, including the human epidermal growth factor receptors (HERs), and increased expression of their respective ligands has been implicated in the autocrine and paracrine regulation of breast cancer growth and metastasis (Tripathy and Benz, 1992) . Amplification and overexpression of epidermal growth factor receptor (EGFR) and HER2 are observed in 6 and 25% of human breast cancers, respectively, and a role for the kinase-defective HER3 in these tumors is becoming increasingly evident (Hsieh and Moasser, 2007) . Identification of pathways that facilitate the activation of HERs can help realize the full potential of the current therapies that specifically target the HER pathway.
In this paper we demonstrate that decreased BTG2 expression in human breast tumors promotes disease progression. Consistent with the clinical features of human breast cancers associated with decreased BTG2 expression, knockdown of BTG2 in mammary epithelial cells promotes cell migration through increase in the expression of the HER family ligands and activation of the HER pathway. Although loss of BTG2 by itself does not transform cells, it cooperates with oncogenic H-Ras V12 to promote tumor growth and distal metastasis in vivo. Lapatinib is a dual tyrosine kinase inhibitor that blocks both EGFR and HER2, and is already successfully used in the treatment of metastatic breast carcinoma (Geyer et al., 2006; Johnston et al., 2009) . In this study we show that inhibition of the ErbB/HER receptor pathway with lapatinib suppresses the tumorpromoting effects of BTG2 repression. These results suggest that therapies that target the ErbB/HER pathway may be relevant in breast carcinomas with decreased BTG2 expression.
Results

Decreased BTG2 expression in breast tumors is associated with tumorigenic characteristics
We had previously demonstrated that decreased expression of BTG2 protein in estrogen receptor-positive breast tumor was associated with high tumor grade and size, and overexpression of cyclin D1, whose expression is suppressed by BTG2 (Guardavaccaro et al., 2000) . Analysis of the Oncomine data set to determine whether the expression of BTG2 mRNA in breast tumors correlated with other tumor characteristics demonstrated that suppression of BTG2 mRNA expression in tumors correlated with the presence of metastatic events (van de Vijver et al., 2002; van 't Veer et al., 2002; Yu et al., 2006; Desmedt et al., 2007; Loi et al., 2007 Loi et al., , 2008 Schmidt et al., 2008) and blood (van 't Veer et al., 2002) and lymphatic vessel invasion ( Figure 1a ) (Yu et al., 2006) . Moreover, several studies revealed a strong correlation between decreased BTG2 expression and recurrence (Figure 1b) . These results were derived from microarray analysis of mRNA isolated from tissue samples (van de Vijver et al., 2002; Sorlie et al., 2003; Sotiriou et al., 2003; Ma et al., 2004; Wang et al., 2005; Loi et al., 2007 Loi et al., , 2008 , laser capture microdissected tumor cells (Ma et al., 2004; Boersma et al., 2008; Finak et al., 2008) , biopsied material (Huang et al., 2003) , surgical specimens Schmidt et al., 2008) and estrogen receptor-positive tamoxifentreated primary breast cancer samples (Ma et al., 2004; Loi et al., 2007 Loi et al., , 2008 . Consistent with these observations, several studies demonstrate that decreased expression of BTG2 in breast cancer correlates with decreased overall survival (Figure 1c ) (van de Vijver et al., 2002; Sorlie et al., 2003; Sotiriou et al., 2003; Pawitan et al., 2005; Bild et al., 2006; Boersma et al., 2008) .
Knockdown of BTG2 expression increases cell motility As decreased BTG2 expression in breast tumors demonstrated a strong correlation with disease progression and survival, we decided to explore the functional consequence of decreased BTG2 expression in breast cancer. To this end, the expression of BTG2 was knocked down in MCF10A cells using two short hairpins (sh) against the coding sequence of BTG2; the expression of the protein was greatly reduced by shBTG2 (Figure 2a , left). Decreased BTG2 expression reduced proliferation (Supplementary Figure 1) but increased cell motility in wound healing assays, and increased migration and invasion of cells in Boyden chamber assays (Figure 2a , right panels). To avoid clonal selection effects, all experiments were performed with uncloned pools of cells. Restoration of BTG2 expression in shBTG2-MCF10A cells reversed this phenotype (Figure 2b) . Similarly, suppression of BTG2 in human mammary epithelial cells (HMECs) was also associated with increased cellular motility (Figure 2c ). Conversely, expression of BTG2 in the highly invasive human breast cancer cell line MDA-MB-231 with nearly undetectable levels of endogenous BTG2 transcripts suppressed the migratory properties of these cells (Figure 2d ). These findings demonstrate that expression of BTG2 suppresses cell motility.
Suppression of BTG2 leads to activation of the HER pathway
We then set out to identify the mechanism responsible for enhanced motility of cells with decreased BTG2 expression. As activation of HER has been implicated in enhancement of cell motility (Hiscox et al., 2006; Lo et al., 2007; Sabbah et al., 2008) , we tested the activation of HERs in cells infected with shBTG2. Although the expression of total EGFR, HER2 and HER3 expression was not altered, phosphorylation of HER2 and HER3 as well as AKT was induced in shBTG2-MCF10A cells either in the presence or absence of EGF in the medium (Figure 3a Yu et al., 2006) . Seven different data sets demonstrated correlation between decreased BTG2 mRNA expression and metastasis (van de Vijver et al., 2002; van 't Veer et al., 2002; Yu et al., 2006; Desmedt et al., 2007; Loi et al., 2007 Loi et al., , 2008 Schmidt et al., 2008) . Box plots from the studies indicated are shown. (b) Correlation between BTG2 expression and recurrence of breast cancer. Lower BTG2 expression in breast cancer correlates with local and metastatic recurrence at 5 years (van de Vijver et al., 2002) . Similar results were obtained in RNA isolated from laser capture microdissected (LCM) breast cancer samples (Ma et al., 2004) , and RNA isolated from estrogen receptor-positive tamoxifen (TAM)-treated primary breast cancer samples . Twelve different data sets demonstrate similar correlation between decreased BTG2 mRNA expression and recurrence (van de Vijver et al., 2002; Huang et al., 2003; Sorlie et al., 2003; Sotiriou et al., 2003 Sotiriou et al., , 2006 Ma et al., 2004; Wang et al., 2005; Loi et al., 2007 Loi et al., , 2008 Boersma et al., 2008; Finak et al., 2008; Schmidt et al., 2008) . Box plots from the studies indicated are shown. (c) Correlation between BTG2 expression and overall survival. Lower BTG2 expression in breast cancer correlates with decreased survival (van de Vijver et al., 2002) . Six different data sets demonstrate similar correlation between decreased BTG2 mRNA expression and survival (van de Vijver et al., 2002; Sorlie et al., 2003; Sotiriou et al., 2003; Pawitan et al., 2005; Bild et al., 2006; Boersma et al., 2008) . Box plot from the study indicated is shown. For all three panels, the y axis shows normalized expression units or Z-scores. All data are log transformed, median centered and the 25th-75th percentiles are indicated by the closed box. The number of breast carcinoma samples present in each group is shown within parenthesis. LR, local recurrence in 5 years; MR, metastatic recurrence in 5 years; Neg, negative; NR, no recurrence in 5 years; NV, no value; Pos, positive. * above and below the boxes show sample maximum and minimum values.
To determine whether upregulation of NRG1b has a role in increased migration of the cells, NRG1b expression in BTG2 knockdown cells was suppressed with small interfering RNA against NRG1. As shown in Figure 3d , suppression of NRG1b expression decreased AKT phosphorylation and the invasive properties of these cells.
In addition to NRG1b, epiregulin, another HER ligand that can signal through all combinations of HERs except for homodimeric HER2 (Shelly et al., 1998) , was also induced through transcript stabilization upon knockdown of BTG2. Suppression of epiregulin in BTG2-suppressed cells also led to decreased phosphorylation of AKT in these cells and cell migration (Figure 3e ).
BTG2-suppressed cells were more resistant to treatment with doxorubicin, a chemotherapeutic drug, but were sensitive to ErbB/HER kinase inhibitor, lapatinib, and the HER2 inhibitor, herceptin (Supplementary Figure 2) . Moreover, treatment of shBTG2-MCF10A cells with lapatinib mitigated cellular migration and invasion (Figure 4a left) . Lapatinib at 0.5 mM concentration decreased the migration and invasion of BTG2 knockdown cells by 3-4-fold but did not affect control cells. At a higher concentration (2 mM), lapatinib decreased the migration and invasion of shBTG2 cells by 20-and 10-fold, respectively, whereas that of control cells was decreased by just B2-fold. These results demonstrate that the migratory properties of cells with decreased BTG2 are more sensitive to lapatinib treatment. LY294002, a phosphatidylinositol 3-kinase inhibitor that suppresses downstream HER signaling, also suppressed the migration and invasion of BTG2-repressed cells (Figure 4a right) . Suppression of confer an enhanced metastatic phenotype in vivo, tumorigenesis studies were carried out in mice. Loss of BTG2 by itself was unable to transform MCF10A cells and was not sufficient to induce the formation of tumors when injected into nude mice (data not shown). However, consistent with the report that repression of BTG2 cooperates with oncogenic Ras to transform wild-type p53 containing primary mouse fibroblasts (Boiko et al., 2006) , suppression of BTG2 cooperated with activated G12V H-Ras allele (H-Ras V12 ) to transform MCF10A cells (see below). The ShBTG2/ H-Ras V12 cells were more proliferative (Supplementary Figure 1) and invasive compared with cells expressing H-Ras V12 alone (Figure 5a, left) . Matrigel/collagen three-dimensional assay to assess the ability of cells to invade through collagen demonstrated that BTG2 knockdown cells expressing both H-RAS V12 showed a prominent invasive phenotype, with multiple cellular protrusions extending into the Matrigel compared with cells expressing H-RAS V12 alone (Figure 5a, right) . Western blot analysis indicated that the levels of phospho-HER2 and HER3 and phospho-AKT were elevated in these cells compared with cells infected with H-Ras V12 alone (Figure 5b (Figures 5c and 6a ), whereas at 6 weeks the tumors formed by H-Ras V12 /shBTG2 cells were significantly larger than those formed by H-Ras V12 cells (Figure 6a , P ¼ 0.035). Interestingly, in both experiments, the number of metastatic nodules present in the lung and liver were significantly higher in H-Ras V12 /shBTG2 tumor-bearing mice compared with the H-Ras V12 mice (Figures 5c and 6c) , suggesting that loss of BTG2 promotes distal metastasis.
Lapatinib suppresses tumor progression induced by loss of BTG2 As suppression of BTG2 increases the HER-AKT signaling axis and cell motility, we tested whether treatment of MCF10A-H-Ras V12 /shBTG2 tumor-bear- (Figure 5c ), the number of metastatic nodules in the lung and liver was higher in mice bearing shBTG2/H-Ras V12 tumors compared with those bearing H-Ras V12 tumors, and lapatinib suppressed the number of metastatic nodules formed in the lung and liver of animals harboring shBTG2/HRas V12 tumors but did not significantly decrease the fewer metastatic nodules observed in control mice (Figure 6c ). Examination of untreated and lapatinibtreated tumor tissues from both groups of mice suggests that lapatinib significantly decreases proliferation and enhances apoptosis in shBTG2/H-Ras V12 tumors, but not in tumors expressing H-Ras V12 alone (Figure 6d ). These results suggest that growth and metastatic potential of BTG2-suppressed tumors are sensitive to inhibition of the HER pathway.
Discussion
The expression of BTG2 is suppressed in several types of cancers including breast cancer. We had previously shown that loss of BTG2 protein in breast cancer is associated with higher tumor grade and size and overexpression of the cyclin D1 protein (Kawakubo et al., 2004 (Kawakubo et al., , 2006 . Analysis of several Oncomine microarray data sets corroborated these findings and revealed a strong correlation between decreased BTG2 expression in breast cancer and characteristics of tumor progression. Decreased BTG2 expression in the tumor correlated with increased lymphatic and blood vessel invasion (van 't Veer et al., 2002; Yu et al., 2006) , and the presence of metastatic events at 1, 3 and 5 years of follow-up (van de Vijver et al., 2002; van 't Veer et al., 2002; Desmedt et al., 2007; Loi et al., 2007 Loi et al., , 2008 Schmidt et al., 2008) . Reduced BTG2 expression in breast tumor samples BTG2 inhibits breast tumor progression F Takahashi et al was also associated with both local and distal recurrence (van de Vijver et al., 2002; Huang et al., 2003; Sorlie et al., 2003; Sotiriou et al., 2003 Sotiriou et al., , 2006 Ma et al., 2004; Wang et al., 2005; Finak et al., 2008) , and recurrence following tamoxifen treatment (Loi et al., , 2008 . Moreover, patients with decreased BTG2 exhibited poor overall survival (van de Vijver et al., 2002; Sorlie et al., 2003; Sotiriou et al., 2003 Sotiriou et al., , 2006 Pawitan et al., 2005; Bild et al., 2006; Boersma et al., 2008) .
To determine whether decreased BTG2 expression in breast cancer is functionally critical for the process of breast cancer metastasis, we modulated the expression of BTG2 in the non-tumorigenic MCF10A and HMEC cells, and in the highly invasive MDA-MB-231 cells, which have undetectable levels of BTG2 mRNA. Consistent with the data obtained in the human breast cancer microarray data sets, suppression of BTG2 increased cell motility vitro, and enhanced tumor growth and distal metastasis in vivo, indicating that decreased BTG2 expression in breast tumors functionally contributes to disease progression.
Mechanistically, our data demonstrate that BTG2 suppresses the activation of the HER pathway. Phosphorylation of HER2, HER3 and AKT was elevated upon suppression of BTG2. Although HER2 can homo-or heterodimerize with EGFR or HER3, HER2/ HER3 heterodimers are the most potent mitogenic and transforming complex (Hynes et al., 2001) , and heterodimers containing HER3 have been implicated in enhanced cell migration and invasiveness (Sithanandam et al., 2005; Xue et al., 2006) . Activation of HER pathway in shBTG2 cells was coincident with the increase in NRG1b, a ligand that binds to both HER3 and HER4 receptors (Zhang et al., 1997) and epiregulin, a component of the 18-gene breast-to-lung metastatic gene expression signature (Minn et al., 2005) . Epiregulin binds to various HER receptor combinations with lower affinity than HER ligands that have more stringent selectivity, but produces a mitogenic signal more potent than EGF (Shelly et al., 1998) . BTG2-induced polyA degradation has been shown to result in mRNA decay (Mauxion et al., 2008) ; consistent with this finding, the transcripts encoding NRG1b and epiregulin were stabilized in BTG2 knockdown cells. Thus, it is likely that loss of BTG2 modifies the tumor microenvironment leading to paracrine and autocrine activation of the HER pathway. In fact, analysis of breast cancer data sets demonstrates an inverse correlation between BTG2 mRNA and these HER ligands (van de Vijver et al., 2002; Desmedt et al., 2007; Finak et al., 2008) . Interestingly, neuregulin was able to reverse BTG2-mediated cell cycle arrest (Supplementary Figure 3) . These results, taken together with the correlation between decreased BTG2 expression and HER2 receptor positivity (Ma et al., 2004; Zhao et al., 2004; Bild et al., 2006; Saal et al., 2007; Julka et al., 2008) and loss of PTEN (Saal et al., 2007) in human breast cancers, suggest that suppression of BTG2 facilitates the activation of the HER2/HER3 pathway. A similar trend has been reported in gliomas; BTG2 expression is downregulated in highgrade gliomas addicted to PDGF-B (platelet-derived growth factor b polypeptide; Calzolari et al., 2008) .
Activation of receptor tyrosine kinases promotes the growth of several tumors including breast cancer, and therapies that target activated receptor tyrosine kinases are becoming increasingly useful clinically. Up to 25-30% of breast cancer patients exhibit amplification and overexpression of HER2. Lapatinib is a smallmolecule competitive tyrosine kinase inhibitor that binds reversibly in the kinase domains of EGFR and HER2. Recently, cells with increased HER3 expression were also found to be sensitive to lapatinib, suggesting that lapatinib may be targeting additional members of the ErbB/HER family (Konecny et al., 2008) . Our results indicate that lapatinib inhibits the growth of H-Ras V12 /shBTG2 tumors by decreasing proliferation and inducing apoptosis. Tumors expressing H-Ras V12 alone were palpable but consistent with their undetectable levels of phospho-HER2, -HER3 and AKT, were not sensitive to lapatinib.
Although HER2 gene copy number and protein level are the best predictable markers for lapatinib responsiveness (Esteva et al., 2010) , just 20% of untreated HER2-amplified metastatic patients respond to first-line lapatinib treatment in a phase II trial (Gomez et al., 2008) , suggesting that additional factors besides HER2 overexpression may be modulating responses to receptor tyrosine kinase inhibitors. In fact, lapatinib was recently shown to restore endocrine sensitivity in breast cancer cells with acquired resistance because of modest adaptive upregulation of HER2 (Leary et al., 2010) . Moreover, lack of p53 and phosphorylated HER3 have been associated with better lapatinib responses in HER2-overexpressing patients; HER2-overexpressing tumors also exhibit increased expression of heregulin/ neuregulin (Johnston et al., 2008) . Our results for the first time link BTG2-dependent effects on cell transformation to ErbB receptor signaling, and raise the possibility that inhibition of this pathway may be relevant in the treatment of breast cancers that have reduced BTG2 expression.
In addition to suppressing the growth of the primary tumor, lapatinib also suppressed distal metastasis induced by loss of BTG2. HER2 activation has been implicated in intravasation of tumor cells in mouse models of breast cancer (Kedrin et al., 2009) , and lapatinib has been shown to inhibit the brain metastasis of MDA-MB-231 cells injected into the left cardiac ventricle of mice (Gril et al., 2008) . Whether lapatinib treatment by inhibiting HER2/HER3 phosphorylation prevents the seeding of shBTG2/ H-Ras V12 tumor cells into the blood remains to be determined.
In conclusion, suppression of BTG2 in human breast cancer has a critical role in disease progression through activation of the HER pathway, and inhibitors of the HER pathway may be useful in the clinical management of these tumors.
Materials and methods
Cell culture
Culture conditions used for the maintenance of cell lines are described (Kawakubo et al., 2004) . For three-dimensional cultures, cells were cultured in growth factor-reduced recon-BTG2 inhibits breast tumor progression F Takahashi et al stituted basement membrane (Matrigel; BD Biosciences, Research Triangle Park, NC, USA) as described (Debnath et al., 2003) . To evaluate the effect of BTG2 expression in cells, MDA-MB-231 cells were infected with BTG2-expressing lentiviral constructs as described (Hayashida et al., 2010) .
Knockdown of BTG2 in MCF10A cells
Lentiviruses carrying the sequences 5 0 -CAAGAACTACGT GATGGCAGT-3 0 and 5 0 -CGTGAGCGAGCAGAGGCTT AA-3 0 targeting the coding sequence of BTG2 were obtained from the RNAi Consortium shRNA Library (Moffat et al., 2006) , the Broad Institute, and were used to knockdown BTG2 expression in MCF10A and HMECs as described in Hayashida et al. (2010) .
Western blot analysis Expression of the BTG2 protein was detected using a rabbit anti-BTG2 antibody generated against the KLH-peptide conjugate. The peptide VSEQRLKVFSGALQC spans amino acids 30 to 43 of the BTG2 protein and does not share any homology with other members of the BTG/Tob family. Antibodies against cleaved caspase-3, phospho-AKT, phospho-HER3, total HER3, phospho-HER2, total HER2 (Cell Signaling Technology, Danvers, MA, USA), phospho-EGFR (Abcam, Cambridge, MA, USA) and total EGFR were also used for western blot analyses. The western protocols used are as previously described (Ha et al., 2000) . Band intensities of western blots were measured by using the software Quantity One version 4.6.7 (Bio-Rad, Hercules, CA, USA). The fold change in phospho-protein expression in BTG2-knockdown or -expressing cells was calculated by setting the ratio of band intensities of the phospho-protein/total protein in control cells at 1.
RNA analysis
Total RNA from cells was extracted and converted to complementary DNA. Quantitative PCR to detect the expression of BTG2, COX2, MMP1, MMP2, epiregulin and NRG1b was done using the following gene-specific primers.
BTG2
Forward 5
0 -GCGAGCAGAGGCTTAAGGTCTTC-3 0 Reverse 5 0 -ATGCGAATGCAGCGGTAGC-3 0 .
COX2
Forward 5 Cell migration and invasion assays In vitro chemo-migration and -invasion assays were performed as described (Hayashida et al., 2010) .
Tumorigenicity in mice
All animals were cared for and experiments were performed in this facility under AAALAS guidelines using protocols approved by the institutional review board and the institutional animal care and use committee of the Massachusetts General Hospital. MCF10A cells expressing activated G12V H-Ras
V12
-expressing lentivirus containing a GFP cassette and either shBTG2 or shLuc were generated using standard protocols. Xenografts were established by injecting 5 Â 10 6 cells in 100 ml of phosphate-buffered saline into the mammary fat pad of 6-week-old female Swiss nu/nu mice. Each group consisted of 10 mice. Tumor volumes were measured at regular intervals, and volume was calculated as L Â W 2 (length ¼ L and width ¼ W). At the end of the experiment, lungs and livers of the animals were examined for the presence of metastasis.
To determine the effect of lapatinib on tumor growth, MCF10A cells expressing activated G12V H-Ras-expressing lentivirus containing a GFP cassette and either shBTG2 or shLuc were injected into the mammary fat pads of mice as described above. Each group contained 16 mice. After 2 weeks of tumor growth, 8 animals from each group were treated with 75 mg/kg lapatinib given by oral gavage once a day. Lapatinib was dissolved in 0.5% hydroxypropyl methyl cellulose and 0.1% Tween-80. The remaining eight animals from each group were treated with 0.5% hydroxypropyl methyl cellulose and 0.1% Tween-80 (Vehicle). Animals were continued to be treated for an additional 4 weeks. Tumors were measured once a week, and volumes calculated as length Â width Â width. At the end of the experiment, lungs and livers of the animals were examined for the presence of metastasis.
Oncomine microarray data sets The Oncomine database was searched for data sets in which significant differences in BTG2 mRNA was present in breast cancers grouped according to clinical and prognostic parameters (gene rank top 1%; t-test P-value 0.0001). Several data sets were identified and a representative box plot from Oncomine (www.oncomine.org) is shown to illustrate the difference in BTG2 mRNA levels within the groups. All data are log transformed, median centered and the 25th-75th percentiles are indicated by the closed box.
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